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The evolution of the carbon-containing species on the catalysts surface during the course of the reaction is complex and is not completely understood, but it has been reported that surface hydroxyls on the catalyst have a positive effect on CO oxidation for noble metal catalyst. 18 This aspect has been analyzed in detail in this study for CuO/Ceria, and model CuO/Ce 0.8 X 0.2 O δ catalysts (with X = Ce, Zr, La, Pr or Nd) have been prepared in order to obtain CuO/Ceria materials with different chemical features. The objectives were to understand the role of the carbon containing intermediates in the CO oxidation reaction, and to determine whether the hydroxyl groups on the catalyst influence the formation of bicarbonates in preference to carbonates, and to provide evidence to support a hypothesis that catalysts which preferentially form bicarbonates are able to oxidize CO faster than those forming carbonates-type species.
2.-Experimental

Catalysts preparation.
Five metal oxides with composition Ce 0.8 X 0.2 O δ (X = Ce, Zr, La, Pr or Nd) were prepared using the following metal precursors: Ce(NO 3 The amounts of each precursor used were those required to obtain 5 g of metal oxide, and aqueous solutions of these amounts were prepared with 10 ml of solvent. The dissolutions were introduced in a muffle furnace previously heated at 200ºC, and after 1 hour, the temperature was increased at 10ºC/min until 500ºC, holding the samples at this temperature for 2 hours.
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CuO/Ce 0.8 X 0.2 O δ catalysts were prepared afterwards with a 5 wt. % target Cu loading. The required amount of Cu(NO 3 ) 2 ·5·(1/2)H 2 O (Sigma Aldrich, 98 %) was dissolved in 2 ml of water and 2.5 g of Ce 0.8 X 0.2 O δ was impregnated with this solution. The impregnated supports were heat treated following the same protocol used for the supports preparation, that is, they were introduced in a muffle furnace previously heated at 200ºC, and after 1 h, the temperature was increased at 10ºC/min until 500ºC, holding this temperature for 2 h.
Catalysts characterization.
X-ray diffractograms were obtained in a Bruker D8 advance diffractometer, using CuKα radiation (λ=0.15418 nm) between 10 and 90º (2θ), with a step of 0.02º and a time of 3 s per step. The average crystallite size of the mixed oxide supports was determined using the Williamson-Hall's equation. 19 N 2 adsorption isotherms were performed at −196ºC in an automatic volumetric system (Autosorb-6, Quantachrome) after the catalysts were degassed at 150ºC for 4 h. The specific surface areas, pore volumes and pore sizes were determined with the BET, DR and BJH methods, respectively.
Raman spectra were recorded in a Bruker RFS 100/S Fourier Transform Raman Spectrometer with a variable power Nd-YAG laser source (1064 nm). The spectra shown in this document were normalized by dividing the intensity of each spectrum by the intensity of its F 2g band maximum.
The catalysts were characterized by Temperature Programmed Reduction with H 2 (H 2 -TPR) in a ThermoQuest device (LE instruments), consisting of a tubular quartz reactor coupled to a 6 thermal conductivity detector (TCD). The experiments were conducted with 50 mg of catalyst.
The temperature was raised at 10ºC·min -1 from room temperature to 900ºC and a 30 mL·min -1 flow of 5 vol % H 2 in N 2 was used. A CuO reference sample was used to quantify the amount of H 2 consumed in the experiments, and two parameters were calculated:
where "H 2 mol consumed" are the total moles of H 2 consumed in a certain H 2 -TPR experiment and "CuO mol" are the CuO mol on the parcel of catalyst used in that H 2 -TPR experiment. The H 2 mol consumed by the catalysts were calculated integrating the area under the TCD signal profiles, and converting these areas into H 2 mole considering the area of the reduction peak obtained with the reference CuO sample and assuming total reduction to Cu 0 .
where "H 2 mol for CuO reduction" are the moles of H 2 required for all CuO in the sample of catalyst to be reduced to Cu 0 and "Ce moles" are the total moles of Ce in the sample of catalyst.
Catalytic tests in a fixed-bed reactor.
Catalytic tests were carried out in a U-shape quartz reactor (16 mm inner diameter) with 150 mg of catalyst and 100 mL/min (30000 h −1 ) of a gas mixture with 2 % CO, 2 % O 2 and 30 % H 2 balanced with He. The gas stream was fed to the reactor by means of mass flow controllers (Bronkhorst). The gas composition was monitored after the reaction with a gas chromatograph 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Agilent Technologies 6890N, equipped with a CRT column operating at 80 ºC and a TCD detector.
Variable temperature and isothermal experiments were carried out. In variable temperature experiments, the temperature was raised at 2ºC/min until reaching 200ºC. Consecutive ramp experiments were performed with selected catalysts using the same aliquot of sample. After the first ramp, the catalyst was reoxidized at 200ºC in 10 %O 2 /He flow for 1 h and then cooled to room temperature in inert gas. Then, the reaction gas mixture was fed to the reactor and the temperature was raised at 2ºC/min until 200ºC, repeating this protocol four times. After the fourth run, the catalysts were reoxidized and cooled as described, and a fifth heating step was carried out with the reaction gas mixture, but in this case the temperature was stabilized at 120ºC and the selected catalysts were held under these reaction conditions for 12 h in order to evaluate the long-term stability.
CO conversion and selectivity were calculated as follows:
where P େ ୧୬ and P େ ୭୳୲ are the inlet and outlet CO partial pressures, respectively, and P మ ୧୬ and P మ
୭୳୲
are the O 2 partial pressures.
Operando DRIFTS-MS experiments.
The reaction mechanism was studied in a Shimadzu (IR Tracer-100) Fourier Transform
Infrared Spectrometer with a Harrick reaction cell coupled to a EcoSys-P mass spectrometer. The reaction cell was designed to allow the reaction gas mixture (2 % CO, 2 % O 2 and 58 % H 2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 8 balanced with He; 50 ml/min) to pass through the catalyst bed (100 mg without any diluent) with the gas exit at the bottom.
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The catalysts were first pretreated at 400ºC for 15 min in a flow of air, and the reaction cell was cooled afterwards to room temperature while maintaining the air flow. A background spectrum was recorded for each catalyst at room temperature after this cleaning step, and then, air was replaced by the reaction gas mixture and the temperature was raised at 5ºC/min while infrared spectra were recorded at 10ºC intervals. Each spectrum was obtained as an average of 75 scans, in the range 4000 to 1000 cm -1 with a resolution of 2 cm -1 . The background spectrum of each catalyst was subtracted from those obtained under reaction conditions, and therefore, the features observed can be attributed to species formed or depleted during the reaction rather than to the catalysts structure.
3.-Results and discussion
3.1. Catalysts characterization by N 2 adsorption, XRD and Raman spectroscopy.
The crystalline structure and porosity of the catalysts was characterized by XRD, N 2 adsorption, and Raman spectroscopy. The X-ray diffractograms are compiled in Figure 1 and the crystallite sizes and cell parameters calculated for the ceria-based supports are compiled in Table   1 . The pore size (12-17 nm) and pore volume (0.013-0.021 cm 3 /g) values are quite similar for all catalysts. The crystallite size of the ceria supports are in the 13-27 nm range (see Table 1 ), and the smallest sizes are obtained for undoped and Zr-doped ceria. These two supports also have the largest specific surface areas (58-60 m 2 /g), with these values being in good agreement with those typically obtained for cerium oxides exposed to a similar thermal history. 20 Ceria doping with La, Pr or Nd leads to a decrease of the specific surface area and an increase of the crystallite size, which means that these dopants facilitate sintering. It is known that the effect of dopants on ceria sintering depends on the temperature of the thermal treatments. 22 As a rule of thumb, dopants partially hinder ceria sintering for high temperature calcination (above 800-900ºC) while they have no effect or promote sintering for mild temperature calcination (500-600ºC). The argument postulated to explain such behavior is that the surface defects created upon doping decrease the energy required for crystals to merge, and therefore dopants promote sintering if there are energy restrictions, as occurring at mild temperature. On the contrary, if the temperature is high enough to overcome such energy restrictions to sintering, the effect of dopants is the opposite, partially hindering sintering because they do not allow long-range structural order into the ceria crystals.
Raman spectroscopy ( Figure 2 ) provides additional information about the structure of the catalysts. Figure 2 . Raman spectra of the catalysts. The spectra were normalized by dividing the intensity of each spectrum between the intensity of its F2g band maximum.
All catalysts show the F 2g band around 450 cm -1 , which is a typical feature of the ceria-based oxides. 23, 24 This band has been attributed to the oxygen breathing frequency around the Ce 4+ cations. 25, 26 The position of this band provides information about the introduction of foreign cations into the ceria lattice. The position of the F 2g band in pure ceria is usually ca 464 cm -1 , 20 and the position obtained for all CuO/Ce 0.8 X 0.2 O δ catalysts is well below this value (see data in Table 1 ). cations, which could be even reduced due to the local heating produced by the laser used to excite the samples and obtain the Raman spectra, as previously reported. 21 The presence of Ce 3+ cations, as previously proposed considering the position of the F 2g band, is also expected to lead to the formation of oxygen vacancies. However, the band due to these vacancies is negligible in spectra of CuO/CeO 2 , for instance, suggesting that the partial reduction of Ce 4+ under measurements conditions is high enough to shift the position of the F 2g band but not for the band 14 due to the vacancies to grow. This is not surprising because, usually, the position of the Raman bands is much more sensitive to changes in the physical chemical features of solids than the intensity of the bands, which is affected by other variables like crystal size or radiation absorption.
In conclusion, these characterization results confirm that, in the CuO/Ce 0.8 X 0.2 O δ catalysts prepared, the doping cations are actually located into the parent ceria framework. Only the CuO/Ce 0.8 X 0.2 O δ catalyst shows certain evidences of the formation of a segregated Zr rich phase, but even in this case, it can be confirmed that part of the Zr dopant is located into the ceria lattice.
Catalysts characterization by H 2 -TPR.
The TCD signals monitored during the H 2 -TPR experiments are plotted on Figure 3 , and all catalysts show a main feature in the 120-300ºC range, which consist of double peaks or a main peak with a shoulder at low temperature. Also, a small band is shown in some profiles around 800ºC, which can be assigned to the reduction of the particles bulk.
The position of the low-temperature reduction bands indicates that CuO/Ce 0.8 Zr 0.2 O δ and CuO/CeO 2 are reduced at the lowest temperature, and that the behavior of these two catalysts is quite similar to each other. In all cases, the moles of H 2 consumed are higher than those of CuO on the catalysts, and this provides experimental evidence that not only is CuO being reduced but also the ceria supports. Figure 4 shows the oxidation of CO (Figure 4a ) and the CO selectivity (Figure 4b) Figure 3 ). This is in agreement with the hypothesis supporting that the active sites for CO oxidation are Cu + sites located at the CuO-Ceria interface.
In addition, the selectivity drops (Figure 4b ) when temperature approaches the onset temperature for extensive reduction of the catalysts surface (see H 2 -TPR in Figure 3 ), supporting that H 2 oxidation takes place on reduced metal sites.
Operando DRIFTS-MS experiments.
In order to investigate the nature of the carbon intermediates and to determine whether hydroxyl groups on the catalyst play a critical role in the formation of bicarbonates and in the CO oxidation rate, operando DRIFTS-MS experiments were carried out. 
Role of the catalyst hydroxyls groups
The main carbon-containing reaction intermediates accumulated on the catalysts surface during the PROX reaction are carbonates and bicarbonates, as is observed in the DRIFT spectra ( Figure   5 ). Figure 6 shows the ratio between the band maxima due to bicarbonates (at 1395 cm -1 ) and carbonates (at 1460 cm -1 ) as a function of temperature for all catalysts. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 of active sites. 28 The positive effect on the CO oxidation rate of the presence of surface bicarbonates as adsorbed species with regards to carbonates could be related to the lower thermal stability of the former species, which would lead to a faster desorption of CO 2 leaving the surface available for further chemisorption of other potential species which might act as reaction intermediates. However, there is no experimental evidence to support this hypothesis, and it could also be possible that CO 2 produced at CuO-Ceria actives sites is transferred to hydroxyls in a further step, leaving the actives sites available again. In any case, formation of bicarbonates in preference to carbonates seems positive for CO oxidation.
Catalysts hydroxyls are involved in the formation of surface bicarbonates, as it is deduced from Figure 7 where the intensity of the bicarbonates band at 1395 cm 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 The CO oxidation reaction mechanism starts with CO chemisorption at the copper oxidecerium oxide interface and formation Cu + -CO carbonyls (step 1), and it has been proposed that chemisorbed CO is oxidized to CO 2 following a Mars van Krevelen mechanism using the Cu 2+ /Cu + redox cycle. 15 Then, CO 2 is transferred from the copper oxide-cerium oxide interface to other surface sites, probably on the ceria support, forming bicarbonates (step 2a) and carbonates (step 2b), and molecular oxygen reoxidizes the reduced sites via steps 3. Surface hydroxyls are involved in the formation of bicarbonates (step 2b). Finally, CO 2 is desorbed following steps 4a and 4b.
Product poisoning versus Cu
+ -CO carbonyl
The contribution to the CO oxidation rate of the copper oxide-cerium oxide interface reducibility and of the carbon products desorption has been analyzed. The temperature of maximum carbonyl coverage has been determined from Figure 8 , and this temperatures correlate to the CO oxidation rates. Figure 9 shows the relationship between the CO oxidation rate and the formation of the Cu + -CO carbonyl in the CO-PROX experiments. The data for most CuO/Ce 0.8 X 0.2 O δ catalysts lie on a straight line, confirming the important role of the reducibility of the copper oxide-cerium oxide interface. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Figure 9 . Relationship between temperature required to attain a certain CO oxidation rate and temperature corresponding to the maximum absorbance due to Cu + -CO carbonyl.
However, the CO oxidation rate obtained with the Zr-containing catalyst is lower than that predicted by its Cu + -CO carbonyl population. These results indicate that the Cu + -CO carbonyl formation (step 1) is the rate limiting step for temperatures above a certain threshold (above 90 ºC approximately for the experimental conditions of this study) but, below this temperature, the accumulation of reaction products on the catalyst surface must also be taken into account because decomposition of reaction intermediates (steps 4a and 4b) becomes the slowest step of the mechanism. Therefore, the nature of the carbon species accumulated on the catalyst (bicarbonates or carbonates) should be mainly relevant below this temperature (90ºC).
The area of a broad DRIFTS band envelope with several contributions appearing in the 1650- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the latter more readily forming the Cu + -CO carbonyl at low temperature but also suffering much stronger inhibition by adsorbed products. Therefore, the contribution to the CO oxidation rate of the Cu + -CO carbonyl formation and carbon products desorption oppose each other at low temperature. Taking the trend of Figure 9 into account, poisoning by reaction products becomes of special relevance at temperatures below ca. 90 ºC for the experimental conditions used in this study.
The CO-PROX experiments performed in this study show that ceria doping with foreign cations has either no effect or a negative impact on the activity, and this observation has been also reported by many authors. 29 There have been only reported few examples of improved CO-PROX activity of copper oxide-cerium oxide activity upon ceria doping, [30] [31] [32] 
Comparing CO-PROX with other catalytic reactions
The observed lack of influence or negative effect of ceria doping in the CO-PROX activity is in disagreement with the general behavior of ceria in most catalyzed reactions, such as in Three 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 28 Way Catalysts (TWC) where ceria doping by Zr 4+ enhances the oxygen storage capacity, the redox properties, and overall, the catalytic performance. 34 The positive effect of ceria doping has been also reported for ceria-catalyzed diesel soot combustion 35, 36 or NOx storage and Reduction (NSR) on Pt/Ceria catalysts, 37 for instance, where the redox properties of ceria play an important
role.
An important difference between the CO-PROX reaction and the other applications where the doping of ceria has a positive effect is the range of temperatures where the reactions take place.
Ceria doping with foreign cations usually has a positive effect on the activity for catalytic applications occurring at medium or high temperatures (around 200-300ºC for TWC and NSR or > 400 ºC for soot combustion, for instance). Dopants improve the thermal stability, oxygen storage capacity and/or some other physic-chemical properties of the ceria-based oxide, and therefore the catalytic activity, but the potential stabilization of the reaction intermediates on the catalyst has a minor effect on the reaction rate because the temperature is high enough to encourage desorption of the reaction products. On the other hand, the CO-PROX reaction takes place below ca 100ºC, and desorption of reaction products becomes a critical step. Therefore, the challenge for CO-PROX is to prepare copper oxide-cerium oxide catalysts which are readily reducible at low temperature but that, at the same time, also desorb the reaction products at low temperature, and the participation of catalyst hydroxyls in the formation of bicarbonates as reaction intermediates has a positive effect. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The CO oxidation rate accelerated by copper oxide-cerium oxide catalysts in CO-PROX conditions correlates with the formation of the Cu + -CO carbonyl above a critical temperature (90ºC for the experimental conditions of this study) because step 1 (copper carbonyl formation)
4.-Conclusions
is the rate limiting step. However, desorption of carbon containing products (steps 4a and 4b) is the slowest step below this threshold temperature. The hydroxyl groups on the catalyst surface play a key role in determining the nature of the carbon-based intermediates formed upon CO chemisorption and oxidation. Hydroxyls favor the formation of bicarbonates with respect to carbonates, and catalyst which preferentially form bicarbonates attain faster CO oxidation rates than those which favor carbonates. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   30 The manuscript was written by contributions from all authors. All authors have given their approval to the final version of the manuscript. All authors contributed equally. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
